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I ?wnssing lJIw VVidc 1 h-d SyrAhctic.
Aperture Radar 1 Ma with Motion lb-mm

Spmm Nwvang;  Ma[lscIl

AfIstmcl- %vcral  ksucs  makes  the p r o c e s s i n g  of ultrn
wirtolmnd  (LJWII)  SAltcJatxracquired  fro]nrrnairhorm l>lrrt-
forl]~ctifllcult.  Tt,eclmractero fUW1l data i]]vnlidatcm  mrIny
oft.ho usual  SARbrrtch  proccssirlg tcchuiqucs, leading  tothc
nI@iCatiol) o f  wnvc~~utll~cr  dOnlaiu tym prO~~ssOr~. Addi-
tiomrlly,  strip mode SAIL processors generally does  Imi, sulJ-
port motion compcnsrrtion  which is a fuoction oftlm trrrgct
Iocntion  within tt,c antenna tmrrm. T’llis prrl,cr  will suggest
and ovnlurrtc  rrn rr]gorit.llnl which  combines  [i wavc!nutnhx
donmin  processing nlgoritilm  with a motion cornl,  cnsritio]i
~>rc,ccdurc wl]ich enables motion cmnpcnsatioo to IN nl,pliccl
ris n functioo of target raugc and  the azimuth angle.

Kcyu,or-ds  - LJltrrr W i d e  Ilrrnd SA1t, s y n t h e t i c  a~]crturc
radar, motion compensation.

I .  lN~IiLOI)LJ(:CJIC)N
sYN’1’}IIH’lC  apcrtum r a d a r  (SAI{) systclns  arc imagi-

ng radars usually carried on an aircraft  0] a satellite.
Ily Lralmllitting  ])ulscs o f  ckctromagmtic ellcrp,y wllilc
Illoving tllc radar systcm alolug a straight lill{! (or a WCII
dc[incd arc), and rmcivin.g  and proccssil]g tllc CCIIOC:S  fmln
tl)osc l)ulscs in a collc!mlt manacr it is ]Jossil)lc  to sylltll(>
size long aldjcllllm, allcl acllicvcvmy  hig,ll iltlagc rcsolutiol].
l)e.~cril)tiolls of tlm basic lwiuciplcs o f  SAI{ arc: foujld ill
early rcfcrmlces, e.g. [1], or in morereccnt books, c..g. [2]
(Ilotc, manycarlyr  cfcrc]lccsa  rcfo~]~ld  in abookby  K&
valy, [3]). Familiarity with tllc basic  SAI{ I)rillcil)lcs will bc
asssulncd in tllc followillg.

A .  I)OILg UIQ.tlC[C71gt}L  J)}LCl107;Cl10[O~y

I,atcly  tlmc lIM bcc]l a incrcascd  i]d,crcst  ill dcvclc]l)ill~,
SA]{systc]nstllat opcratcatloqq  wavc!lc!ngllwalld  at tl)(!
salnc  tilnc acllicvc very high rcsolutio]l  ill Lot]) range al]d
wilnuth. ‘1’lmrc  arc IIlally rcasolls  for  this illtcrcst.  GclI-
(!rally, incrcmimg  tllc wavckmgth leads to a latq,cr lx:lmtra-
tion clq)t]l. ‘1’llis w&sclralllatically  dclllollstlat,ecl  W1lCN  tllc
first I,-balld  SllutLlc Illlagillg  lLadar, Silt-A,  irll98l SIIOWCCI
that a24 cm wavelength SAll could pcnctratc scvcra]  m~
tcrs of dry desert sand, [4]. Also, the PIICIIOIIICIIO1  OF,Y of
the scattcrimg  at the larger  wavelengths is quite difl’crcllt
froln that of more common ccntimctcr  lCVC1  wavclcngtlls.
Mal\yllaturalt  argcts(c.g.  fields, I)lains, watcr)arcslnootll
at, Llmc wavclcngllls  wllilc otllcr  targets will aI)lmrr v(!ry
lmip)lt  (c..g.  targets  r{!sollati]tg with tllc Io]lg wavcl(!llgtll
or double })oullcc rcflcctiom)  rcsultilg ill images wllicll al)-
l)car as a VCI  y dark background with bright  l)oil]t scatterers

This work was pcdornmd  at the Jet l’ropulsioo  I laboratory, Califor-
Ilia ]ast. itutc of ‘I’C C1 IIIO1O H, ulldcr  co)~tr=t witil  tllc National ACIO-
nautics  and SI)ace Arln~irlisLratio]].

‘I’hc authoris  witlit})c Jct l’ro~mlsion  l,aboratory,  Califorlliali]sti-
tutc of ‘lhchnology,  I’asdrma, CA 9I109.  Email: slill~@jl,l.)lwsagov

sI)rcad out over tl)c scclm. ‘J’llcj(lstificatio]ls  for tllc i]ltc!r-
cst  ill t]lc simulta!mous  ]li~,ll rc!solutioll in btll r’anp,{! and
azimuth i]lcludcs, 1) tllc rcquircmcnt  for high resolution
(e.g. fortargc  tidcvltificatioll, ~ai]itary al)~)licatiom); 2) a
desire to avoid tllc sl)ccklc  IkIloInc)mI (wllic.11 is caused
by tllc resolution CCII hcillp, wide relativ(!to half tllcwavc-
lcIlgth);  ant] 3) tllc added information ill illulainating a
target with a broadband si~llal as Lllc target scattering
IJ~{)I)c]Licsca[l/vrill cllallg(!ovcrtllc Larldwidtll.

1~. systems

A  liull~l>cr ofsystcllls llavebccll c]csig,llccl  tocollcct long
W’avc!k!llgtll  SAIL i[nagcry.  ‘J’lN J] ’I, AI ILSA1{ systcm,  [5],
lias illcludcd  a  lo]lg wavckmgth  A =  0.71n Ulllr cllallllcl
sillcc 1987. ‘J’llc purI)osc c)f this systmn is l)rimari]y  to
study tllc l)llc]lolllc]lolop,y  at I’-, 1,-, and C-band  to built
a k]lo~vlcclgcl)ascrclcva]lt  totllcclcsign ofsl)accborllcsys-
tcms.  ‘J’llcsl)atial  rcsolutiol]  rcquircmmlt  for tllissystcln is
t}lcrcforc  quite moderate. OIlc Oft!ll(! first systems to o[)-
cratc at ]o~lg wavc]cllgtlls wllilc sillltlltallco(lsly  ac]licvillg
lli~,ll rwsoluticm  was dcvclol)cd by SIU. ‘J’llis syst(!m usc all
i!llI)lllsccxcitati(}ll  wllic]l :,clmratcs  atrausl Ilittcci sl)cxlrulil

c!xtc!ncling from 100 to 600 Mllz, and images I)romw!d  to
200 MIIz bandwic]tll wsxc clclaonstratcd  iu [G]. ‘1’11(! Ihlvi-
ro~])nc]ltal  Rcscarcl] IIlstitutc of Michigan (1(;1{1L4)  lLM re-
cently  built a widcband  U] 11” upgrade to tlm NAWC/P;I{J  hfl
I’-3SAILSYSLCU11.  “J’Jlis s~’sLcl]l w&s firsLtcstc:cl illl)cccll~bcr
of 1994. ‘J’llcl)riI1lary  :iI)l)licatiolLo  ftlliss~’stclll is to study
])cnctratioll  of foliage and LIIC dctcctio!l  a]ld classification of
cultural objects. ‘1’0 meet tlmscobjcctivcs and to bc useful
for otll(!r rclllotcsc l~sillgaI  )~)licatiollstl lissystcl~l }Ias bcc~l
dcsigmd  with a vcly lli.p;ll  rcsolutioll,  0.33 m ill rallgc and
().66 m ill aiiirnu’tll.  ‘J’llis systcm  l)as a 500 M}Iz illstimta-
ncous banc]widtll that call bc sclcctcd  within  tl]c total fm
qucncy  raagc  of  200  900 MIIz. T’hc Sw(!dish  CAILAIIAS
utilizcsevcn longer wavelengths as it operates in thcba~id
from 20 to 90 h411z,  [7] (this reference lists a number of
active lJIIF/VIIF radar programs, and includes a discus-
siollof tllcrc&solls  fora~)l)lyillg  lo]lgcr wavclc1~gLl]s).  OLhcr
acLivc Uw~J l)rop,ralns ar(!alsodiscussccl  ill [8].

~. ]/071~  UKLdCll@l illtClf(!7’07W2  t7’y

Atl ilnportant motivation for tllcworkdcscribcd lmrc is
rcccmt comidcrations  at J]’],  conccrming  tllc clcvclolnncnt
o f  a  loIIg wavclcngtll  intcrfc:romctric  SAIL. SAlt intcrf(!r-
omctry  relics on co~ol)ining two SAIL ilna,gcs cohcxmtly.
Assulnillg  that two SAIL antmlua  tracks arc located SUCII
that each target clcmcnt  in the SAIL ima.gcs is olxcrvcd
at sligld,ly diffcrcld-  elevation angles, t.llc two data sets can
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bc used to derive a highly accuracy 3-dilncnsional  Ills])  of
t 11(! obsct\K!d  Sc(!llc. ‘1’lw tllcoly of SAl{ illt crfclolnctl  y is
discussed ill [9] , [10], [1 1]. l’roccssillg  tcclll]iqucs  for illt,cl-
fwomctric  systems olvmating in tlm microwave range of tllc
s}mct,ruln  have alrcad  y been dcvelol)cd, [12] mcl [13], and
IIci,gllt msolutio]ls  CNL tllc order of a fcw mctc~s have bccnl
dclllol]stratcd,  [1 4]. If tlkc scclJe Lcillg mal)l)cd is covcml
by dense vegetation, cclltilllctcr  wavclc!llgt,h illtcrfcromctric
syst.clm largely observe tl)c tol) l)ortioll of a ca]lol)y,  and ~%s
tf!c ~,roul)d ]cvcl is Ltlc desired l)cigllt for t,o]mglalJllic  IIlal)
l)iug an ulldcsircd  bias vc,gctatioll call bc i]lduccd. Know-
ing t}mt long,cr wavclcngl]ls  l)cnctratc foliage better, it is
obviously worth  considering, if an intcrfcromctric  SAR ol}-
crating  at long Wavclcngtl]s,  LJIII”  or VI 1 F, could lmovidc a
lnorc accurate cstilnatc of t}lc Lruc ground  l]cigllt. ‘J’llis

cvaluatio]l  is coln]dcx and il]volvcs lnal]y critical issues.
0]1{!  of tllc kcy issues is WIICL hcI it is ] )ossil)lc: to dcvclol)
all cflicimlt. }mc)ccssillg algoritlilm wl]icll provides suflicicl]tj
accuracy with ICS1)CCL  to I)llasc ficlclity and g,comctric  ac-
curacy for intcrfcromctric  aI)l)licatic)!w.  ‘J’llat is tllc sul)jcct
of this pal)cr.

1). (hltlillc

Scctio~l 2  will lmcscnt tllc r)roccssinp,  rc!quircnlcnt,s ill
]Ilor(!  detail al]d outlillc  tllc s]mrtcolnillp,s  of cxist,ing algp
ritlll]ls. 1]1 scctim] 3 t}lc basic cquat,iolw  of t,flc vravc-dolliaill
lmoccssi]lg al)l)loacl)  arc: sululnarizcd  al]d tllcsc  cquat,io]ls
will bc tflc basis of tlm fc)llowillg scct,iolls. Scct,iol] 4 will
au~,lll(!]lt  tllc basic ~moccssing  cquatiolls  wit]] lnoclificatio]w
dcscribi]lg  broadside Imtio]i  c{)llll)clls:~tioll,  a]ld this lead
to tllc scco]id orclcr lnotion  colnpcllsatioli  correction wl}ic]l
is derived ill section 5. ‘1’llis is followed I}y a dcscrild,ion
of a silnu]atioll  syst,cm dcvclol)cd atld l)rcsc~ltatio]l  of sim-
ulation  results,  section 6. Scctioll 7 discusses lilnitations of
tllc })rol)osccl rdgorithm,  followed by tllc conclusion of ttlc
])rq)cr,  scctioll  8.

] ] .  UW1)  1’ROC}HHN(;  ISSLJI;S

‘]’IIc  I)roccssing of strip-ma))  LJW11 clata acquired f r o m
all aim aft illvolvcs cat lca.st, tmo co!lll)lic,:~t,iolls.”  l~il st, CVCII
ill tllc ideal case w]lcrc an aircrafL is ftyi[l.g along a ])cr-
fcctly straig}lt  lilic, tllc wicfc range of wavcl[!]]gllls sl)a]llmd
by tllc bandwidt]l  invalidates a ]Iumbcr of al)proximations
which arc used in tllc standard SAIL processors. ‘I’l Ic much
uscxl rallgc+l)opl)lcr processor, for instal]cc,  relics on tllc
ra]lgc lnigration  being a functiou  of tllc I)ol)plcr frequency
as tllc range migration is given by tllc ofl’-borcsigllt  angle
and, for a givc)l wavclcllgth}  the IJol)p]cr  frcqucucy is also a
fullctio~l  of Llm ofl-lmmig}]t  a[lp,lc. IIowwvcr,  this  aj)~moacll
will fail ill tllc lJWII  case as tllc wavclc~]gtll is not WCII  de-
fined. Au cxccllcllt  cxaminatiou  of crl ors introduced by tllc
~al)lmoximatiolm of several WCII  kllowll I)mc.cssing sc.lmnm
is found it] []5].  IIowcvcr, the so-called wav~!numbcr do-
lnaill algoritllln,  originally proposed by Ibcca, [16], [17],
[15], is WC!]]  suited. ‘1’lIc sccoxld ccs~nldic[ition  is that tlm
tscamwidtl] of a UW13  systcm  has to bc very large (on tllc
order of onc radian) for tllc range and wimuth resolutions
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1,’i~.  1. ‘1’hc dif[c]mcc  bctwccn  tlm aclo~s-track  Ilmtion  ciisplacmneut,

(= ~’ro~dsidc  COI”I ~tioll) aI}d t}IC dis@mmlt  to rin ott-hoadsidc
trtigct, viewed ill tl}c slarlt  Ialtge  },lallc,

to bc co~nr)arat)lc. ‘J’llis  is realized by observing  that, the
slant ranp,c resolution is

(c is the SI)CCCI  of ]iglk, }1 is tl)c rmgc  b a n d w i d t h ] )  al,d
tllc mimutl)  rcsolu(io~]  fc)r a givml  fmluc~lcy a[d clial)gc in
as)mct angl(! is a])I)loxilnatcly,  [1],

A c
4sili0/2  ‘ 4jsil10/2

and since ~ is I1OL II IUC]L lar.gcr  tflall ~; ill a LJWII systmn
tllc~l 0 Iuust I)c 01) tflc o r d e r  o f  ollc radian  fc)r tllc Ia[(gc
and wzilnut,ll lcsolutio)ls  to bc colnlmrablc.

‘J)hc motion  comI)cllsation  I)mblmn  i s  illust~-atcd ill
Fig. 1. III this  sla)lt rallgc l)rojcctio~l it is SCCIL that if tllc
angle to tllc target cliffcrs frolo tllc dircctio~l  assunwcl  in
tlm motion  coml)cmat,ioll  tlmn all cxmr

Ap,,m  = Ay (COs dlgf - CIX’  h,,o,)

is introclumd.  In tllc tnoadsidc  c{m+c tflc error is

AA,,., = Ay (COS ~)tg~ - ] )

1 lcforc the wzilnutll coml)rw$sion  cacll rallgc line will in-
clude rcflcctiolis  fml[l all targets  COVCICC1  by t,l]c width  of
tllc a n t e n n a  bcaln.  OIIc al)I)roacll  to ilnl)rovc tllc motion
com~mlsatioll  dcgmc for allglcs clcviatirlg  frmn tllc antenna
fan tscam plallc  is to combitlc a spot-lik(!  type motion com-
J)cnsation scllcmc, with a striI) ma]) processing algorithm
as suggested iu [18] and illustrated in Fig 2. ‘1’llis  ap-
proach cnsum that points C 1 OSC to tllc cc~ltral rcfcrcncc
poi~k arc correctly motion  coml)cmatcd  for all aspect  an-
gles. ‘1’hc  lmoblclll with this  a~)~)roacll is that it requires
LIIC I)~occssillg  of a full apcrtulc but will oIlly I)roviclc  good

ItlotioIl colaI)cnsation  in a small ncigllborllood  of tile rcf-
cmlcc l)oilA.  As tlm ratio ls{!twccn tllc l)atcll  lcllgt]l mrllicll
]Iccds  to bc I)roccsscd  a~ld tllc useful ilnagc I)atcll is very
large for tyl)ical  systcm  l)aralnctc[s,  this  algorithm is km
attractive froln an cflicicncy l)oint of view.

‘J’o illustrat{~  I)rillcij)lcs,  systcm  parameters as s]lown in
‘J’able I arc assumed in the followitlg, Phase accuracy rc-
quirclllcnts  arc acldrcmcd first. A course calculation shows
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Target *
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I’u7’a7nctfT value
Cmlt!t!r’  frcqmlcy 300 h411z

/ I Ilalldwidtl; - 200 hIIIz

‘ Cormclion  10
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Fir,. 2. Motioo  conqmsatioa  optimimd witil  rcqmct
] cfcrcl]cc I>oi]it in the scm]e.

to a cmtraf

that for a 10 m lwrizontal  intcrfcromct,ric  bascli]m  (trans-
lnitl mld rcccivc o]] s a m e  mltcl]t]a, sil)glc lm. w or Icl)cat
pass) a desired llciglk accuracy of 2 ln, equivalent to a
2.8 la cross-lillc-of-sig,ht  error (at 45° al@c  of inciclc~lcc),
scaled by all aJ)l)roxilllaLcly 7 la ortllogo]lal  baseline rel-
ative  to a ~ ~ k[[l slant r’allgc, gives a maximull) C! L’I’OT of
1.3 lnm 011 tllc slant ral]~,c mcosurcd  by tllc ilhcrfcrogl  a))).
‘J’his  is cquivalclltl to 0.7° (12 mrad)  of I)lIOSC error on ei-
ther  cllallllcl (assuming tllc cllanncl  errors arc i)ldcljcndcnt,
wllicll is not nmx!ssarily  rip,llt but it j)rovidcs  all o r d e r  of
magl)itudc  for tllc accuracy sou.glk).  All aI)IJroxilnatc cx-
prcssim]  for tllc msiclual  I)l]asc mror  wl]cn  a slmtlike  tylw
Inotioll colnlxnlsatioll  is al)l)licd  was derived ill [18],

@C is tlm rcsiclual I)lmsc  error, pO is tlm ra]lge to the ccnt(!r
of tllc })atcll,  Wo, Wr arc tllc azilllutll  allcl range cxtc]lts
of tllc })atcll,  Ay is the ofl-set, from tllc actual track to tllc
dcxircd track, and ~) is the ofl~borcsigllt angle. [Jsillp, the
JJaralnctcrs  of ‘J’aMc 1, ancl assuming tllc rallgc cxt,c~lt of tllc
l)atcll to bc zero, the azil)lutll  cxtcllt, of each I)atclk ]Iccds
to b(! slnallcr  than aplmoximatcdy 600 m. ‘1’llis  compared
to tllc al)crturc  lcngt]l of 750010 means  tl]at 8100 m along-
t r a c k  ]Iccds  to bc l)roccsscd to advallcc  tllc l)roccssing I)Y
600 m, thus tl]c in~)ut data must bc I)mccsscd  13.5 tinlcs  01]
tllc average. Wl]cn actual slant range cxtc~lt is taken into
account the cf[icicncy  of tllc sl)ot-like ]notion comjwnsation
tccl]niquc  dcgradm  furtlmr.

A  second rcquiremnt  is  part icular ly importalk for
rcl)cat-track  intcrfcromctry,  wl]crc tllc! motion to bc coln-
pcnsatcd  for tflc two cllannc]s  is co]nplctcly  indcpcnclcnt.
‘J’lic g[!olnc!try c)f tllc lmccsscd ill)ap,cs SIIOUICI  lx! so well dc-
fil)(!d that it is j)ossildc to overlay tlw two images and oliai]l
a corcgistration  accuracy wliicll is a fraction (tyl)ically  on
the order of a tclltfl)  of tllc resolution CCII size. ‘J’his, liow-
mwr,  is a less stril]gcllt  rcquirclncnt,  than tllc above Idlasc
accuracy rcquimncnt  for tllc I)aramctcrs  assumed here. II]
a rcl)cat-track  situation, where tlic baseline is mucl) larger,
and tlm IJlasc  rcquircnlcnt- corrcsj)ondinfjy  much relaxed,
the geometrical rcquircmcnt  can bc a factor.

IN this paper it is rrssumcd  that tllc radar is transiting

Altitude! 10 kln
Slant, ranp,c 15 km
Azilnut]l  resolution 1 111
Almtulc ],cllgtll 7500 In
Al)crturc  allglc 28°
hlaxilnum  ofl~track d(!viatio]l  AU 5 111

l) UISCS  wit]l a ulliforln alo~l.g-track sI)aci~lg. Even wl]cn this
is lmt tlw cosc it is a fairly silll~)l(!  lnattcr to imldcmcnt  a
variable rate azi)aut]l  lmcsunllllcr wl)ic]l cffcctivcly rcsanl-
I)lcs tllc cclm lillcs sucl]  that tllc c)utput of the prcsummcr
will bc uniforln]y sI)accd.

‘J’IIc k[!y dilclllllla  in l)rolx:rly COI rcctillg  for undesired
motiml,  ill a wide Loanl systclll,  is that OIIC ncc!c]s to know
and track tlic target locatiol] wl]icll is, l]owcvcr, Ilc)t know
froln tllc outset, for a wide arm stril)  ~llal) systcm.  ‘1’lIc  ba-
sic idea to lx! cnnldoycd ill tllc a]p,oritllnl suggested here is:
1 ) ‘Jb pcrfcm]n a first lCVCI of ~m)ccssillg wit]l so]nc nc)milla]
lnotion  co~lllmw:itioll al)l)licd,  t]lus l)artially  focussillg tllc
ilnagc, :illd 2) to rcproccss  individual sub]jatclms  of tl]is
inlagc t o  rcfilic tllc motio~i  com])clwatioll corrcctioll. 111

stcJ)  OIIC of this l)roccssing it is rmsu]ncd  tltat the target is
ill the al]tcllrla  ffill bcaln  ~)la]lc. ‘J’arp,cts arc tllcrcfol  c ?Lot

lnotio~] colnl)c~lsatcd  correctly ill ofl’-borcsigllt,  dircctio~ls,
however, tllc nmtioll  coln})cnsatiol]  in tl]c bca~n ccl]tcr  di-
rection  is correct. ‘Jl]is  will ensure t,llat tllc target itnI)ulsc
re.sl)onscs are located corlcctly  gcollmt ricall y CVCI] tl Ioug]l

generally insufficiently focusscd. ]n stc]) two of tllc ~)r(~
ccssing, tllc tal get ]ocatiou  is dcfi~]ccl by the cclltcr  of tllc
subpatcli  to bc rcj)roccsscd,  and it is thus a kcy rcquirc-
mcllt  that tllc rcj)roccssillg Imr outl)ut  I):itch is nluc}L km
colaputatio~lally  dc[nal]cling  that tllc first lmoccssinfg  of tllc
wicic area lmtcli SUCIJ tll:it it is colllI)~ltatiO1lally  affordable
t o  rcl)roccss ]nally s]llall patcllcs.  A s  oILly the ccntcr  o f
cacl) sul~~)atcl]  is Imomsscd  correctly a slaall  subpatch  size
is important to tllc pcrforlaallcc.

]V. ‘J’IIIt WAVI,;N(JMH1;R  1) Oh4AIN  I’ROCESSOR

‘1 o facilitate tllc d(!rivations to coInc in t,llc following SCC-

tiolls,  a]ld to cstril)lisll tllc notatiml,  this section will suln-
marizc  tllc kcy equations of tllc wavcnun]bcr  domain ~)rc>
ccssor. Note that tllc Imocc!ssc)r  could equally WC1l have
been c:allcd tllc frcqum)cy  domain processor. In the follow-
ing dcrivatiom arc cxlmcssccl  ill terms of tllc sl)atial  frc-
qucncics  in both range allcl iw~inlutll.

Collsidcr  tllc gcolnctry  s h o w n  ill l“ig 3. ‘J’lIc z and y
coordiliatcs  refers to the along-track and across-track tar-
get/scc]lc coordinates and the z and p coordinates refer to
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Fig. 3 .  SAlt slat,t ral]gc I,lar,e geometry.

the ilnagc coordinates, ‘1’llc across-track coorcliuatcs  arc
slant  IJla]lc coordillatcs.

‘1’lm  coml)lcx  valued bascl)allcl rcccivcd signal, ss(p,  x),
is

(1)

whm A accou IIk for tllc azimuth antmlua  I)at(crll,  g is tl]c
CO]L1]JICX  Imckscattcr,  l{?’ IC])]CSC]IM  L1)C signal at,tclluat,ioll
with rallr,c (p ~ 4 if tfm a)]tclllla illuluinatioll  is ulliforlu
ill rang(!), }1 iS t]l C COlll~)kX fXLSCballd  I’C!l)lC!SClltatiOll  Of tllC
tralmnittc!d  signal’s raup,c modulation, and

i s  tllc sla~]t raIIgc.  Substitutil)g jp~ : f; = 2$ f o r  t]lc!
slant  range sl]atial  frcqucacy  carrier, fol]owcd  by a Fourier
trausform  ill rallgc and aziluut]l,  leads to,

CXI) {- j27rjpo  R} d~ dg

(!Xl) {(- j2n pjp -1 ~fx )} dp dx (2)

w{-~2. (f,{K2-, Y2~ fxK+ fx~)}
dtdx  dy (3)

wllcrc the sI)atial fmlu(!llcy is tllc suln of tlIc car) icr frc-
qucl!cy  and tllc bascballd  frcqumlcy,  jp = jpo -1 jp,  all(l
K T x - x is tllc difl’crcllcc  bctwccll tllc t a rge t  and obsm-
vaticm along-track I)ositions.

‘1’lIc range co~ul)rcssion is irrclcvaut  for this discussion,
aud trivial, as it call bc ~)crforlnccl on cacl] iuclividua]  lillc
before  l)crformiug t,hc rwilnuth colnjmcssion. For siul])lic-
i ty tllc rmlgc trallsfcr  fullctioll, ~l(~p),  in cquatiou  (3) is
thus assumccl  to Lc a real valued range spectral wcig,llting
ful]ction of tllc ral]gc signal  ajLcr range compression,

II(!forc  colltilluillg,  it is ako Idcd that usually ttlc I aIlgc

IJc)uricl tral]sforlll  is Iwl forlllcd wit]l Ies[)cct to so]nc ofkct,
Iallgc, p = P -  (w, and fl~)lll  (2) i s  SCCII  Lllat tlm l(’ouricr
tralwfor]ll  cvaluatccl  at an ofl+ct, raugc is obtain(!d by Inul-

{’ - }
Lil)]yillg [)y tllc cxlm)mntial  tcrl]l,  CX1) j2n jppo

‘1’lIc  stationary l)llasc a~)~)roxilnatioll, [19],

J j(tt)  (:X1) {jr#)(}L)} (IK

CX1) {j@(Ko)} (4)

rj)(Ko) = ()

is a useful al)lmoxilnatioll  as tllc azimuth time-baudwiclth
for  rclcva]lt  radar c~scs is large. Noting  that tllc l)]l&qc
function  is

alld tllc static)nary  l)llasc l)oil)t is

(3) bccmacs  aftc] a,,~,]yi,lg t]lc stationary ~d,asc al,l,roxi-
IIlatioll,

where :9S is tll[! lbu~icr  trausforln  taken with rcsl)cct  to
tllc Ofl:sct, slant, rallgc a)lcl scaled as

At this ]mint it is olwious that I)y luakill~, the substitution]

-— ..-
tllc i)lvc:rsc Fourier transform of GCJ(jv, jx) = 32?(jp, jx),
timcx yl’- ‘f2, l)rovidcs a Landpass-filt,crcd version of g(x,  y)
witli  tl]c filtcrilig  clcfi]lcd by 11 alld A .

Fillal]y takillp, illt o accouut  tllc rallgc-offset of tllc outI)ut
il[lap,c j = y - y, atld follnulatillg, tllc r e s u l t  ill tcrlils  o f
IXISC1):UK1  ftcquc~lciwsj iv : jv -  jvO, Imovidcs

L’G’O(IV, fx) = Ss(jfl, f~)cw { - j2nf~fo}cxJ){j2n f~y”}
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F+oforonco  location Dosirod location VI. SIIXK)N1)  OR1)I1{  hIO’t’10N  COhll’1;NSA’1’ION

III lflis scctioll is ca]culatcd  lww tllc actual I)latforlll ]t~o
p~,,~ =. pn,,,, (0): bsin(tl  - a) timl relative to ttm target as well as tllc aI)IJlicd  first or-

fl(l = Prim,, + Pn,Oi da lnoticsll colnImlsatiou  aflczts  t,lm basic cquaticms  cst,ab

Pm<>< lisllillg tlm wavcllulnlml  domain  lwoccxsillg al)ploacll.  AS

!,Ilc rcsu]ts  will bc t,arp,ct dc~wndc!]ltj it is rcitmatcd tha t
Lllc I)&sic idea o f  t h i s  l)roccssillg scl]clnc is to first ]Jro

CCSS !,IIC  d~lt,fl, afk!t aI)J)liCZLtiOIl O f  thC fil”st ordCf’  UIOtiOU
[l”,(,C P() cc)]l]l)c:llsatio~l,  using tllc basic algoritflm  dcscrilmcl  iu scc-

IIn,,,c tiou IV. ‘1’lICII  slllall ]mtctlcs frola tllc ilnagc are cxtractcd,
p,, . -

cm 00 alId IJourim tratlsforulcd,  thus tfm al)proxilnatc  target loca-
tions alc kllowllj lmsically wit])  au unccrtaiuty wllicll is half
tlm window size. ‘1’IIc iml)lications  of this c:rror  is discussmi
ill a followi[]g  scc!iou.

—— —.... —-—— ‘1’lm  startiug,  Jmillt for tllc d e r i v a t i o n  i s  ( 1 1 )  al~d tlm ob- ‘
scrvatjiol] Ll]at,  tilt! slant, rallgc is now given by

l’i~,, 4 .  ‘f’l]c  nmtioll  co]]l],c]wlioll gco]r)ctry  ill tl]e fall bCaIII lIlaIIc.

1{ : l{(~) = {(z X)2 + (~ - Ay(~))2
>—.
G(Jo is Ll)c FOuricr  tra]lsforni  of g(x,  y)/y~’-  1i2 aud tllc ill- yAy(x)

= \/(x - X)2  -1 y2’ - --
dcx zcrc) is iudicati]lg  that tllc msampliug, sclmlm  al)l)licd @ . X ) 2 . 7  vi

dots not,  tak(! ll]otiou collllmsation iut<c) account . ~{<,(x) .  ?@y&)
Ra(x)

(12)
v. ]{’l]~s,l  ol{l)l:l~ M~’flON  ~OMl,l,;NsA~)~)N

A fiML m dcr ]Ilotioll comj)cusation,  which cau lx! al)ldicd It is Iwtcd tlmt, A~y is tllc! true Iuotioll dcwiatioll whereas

ill(lcl)cll(l(:lltly of Lllc azilllutll  proccssillg,  assumcx that all Lllc earliw ddillcd  k and 1 dcvifttiolm  arc values assunlcd

targets  alc ill Ltlc alhclllla  fau beam plane and tl)at all iu tllc IImtiol! collll)(:lisatiO1l.” ‘It) kccq) tlm dcscri])tioll  to a

targets  al c a! a rcfclellcc  ckwatio)l,  such that tl]c cffcctiv~! loillilnura  ill this scctiou, it is llotcd that ill tllc clclivation  of

Idat,forlrl  clcvatioll is lI,,LOC. I?or sid[:-looking  lJW1l sys- tllc silnl)]c ~f~:il’(:[l(lll~l)c!r  dolnaill  I)roccssor  tile itltcgral,iol)s

tmns, tlm fan bcaln ldanc  is gmlcrally  so wicfc that it will over 2: and ~ were carlicd  cwcr throughout tllc c:a]culatioll.

Im assulllc!d  to bc ill tl]e broaclsicfc  d i r e c t i o n .  ‘J’llis doex ‘1’llcsc  i]ltcgraki arc tllcncforc left out iu the following,  but

n o t  limit, tllc! l)ritlcil)lcs  al}l)licd  and i t  dots  silaldify  tlm aI”c  i]u])licitfy .assa IId. similarly the wcig]hillg fuuctioll  iu

luatlmllatica] lm!scntation  to follow. w~ill~ut,l),  A(, . .), dots Imt cl]augc coml)arcd to the silnldc

‘J’lic: 1] Iotiml  col[)l)cnsatiou gw)~lmt  ry is prcsmitcd  in Fig 4. trcatlrllclit  a]lcl is t]lus igllorcd.
I)cscribillg  t,tm ~notioll  colnlmwat,cd  si.gllal in tcrllls  o f

It will bc useful iu tlm followiug  to uotm that iu a]~y Jmiut tllc lil]car cxI)ansioll  iu k and 1 l]rovidcs

the concctioll  aI)ldic!d l)Y Lllis first order  motiou comlml-
satioll  is cquivalmlt  to a I)}IIISC  s]lift dcfiucd by tllc ulotioli

( ~o:::oo ‘p “ @
Ss,,,oc(p, ~) : /1 p 1{ - k(~)  --

-off-set iu LIK! lillc-off-sigllt direction, k, aud a frcqucucy { / >/ \ xx
shift  ddillcd  by tl)c IIlotioll ofl’-sci iu Lllc cross-lillc-c)ff  +igl]t
dircctioll,  1, a.s

hoc : bsill(d  - 0)

@)

‘J’]m cx])allsioll i s  cldirlcxl by P O,  the radar  displac(!mcllt
givcu by 11 aud o, a~ld tllc assumed target IIcigllt, ll,,,OC.

’110 iul~)lmucu~t this first orde[  ~notiou c.olli})cnsatiol~,  tlm
rcccivcd al]d rail.gc compressed signal ss(p,  X) is illtcrlx-
latcd  ill r:illp,c: al)d l)llasc slliftcd,

%LOC(AX) ‘ %)1-(P -  Amx) w) { -  jz~jpohoc}
(11)

cxl)b’2xf’0(k (x)”’ ;%:oo (p- ‘o))}
:’(;{p {! Xl) {- j27rjflo  R}

( ( ‘ ( x )  ) -  ‘“(+
4 ( x ” )  h P 1- ~FalZO:—

]{1)

C!X1 )
{ )

- j271 j~ - .:(~~-p exp {- j271jooR’} (13)
PO tall 00

~~,(x) , ~/o(x)  _  ~Ay(x) l(x)
l{~(x)

-1 k(x) ~a,, oi

At this  l)oint tl]c l~ourim rclat,ionsllil)

h(afl -  p)cxp  j’yp)  “’fur’:’

1

{ ‘i} ’’(f0]4)

.2nji7- Cx})
o c1

is used to arrive at tlm raugc frequency, wimutll space
result  g,ivcm ill Al)l)cuclix A, which to first order  in tlm



11’,FF, ‘! ’i{ ANSA(V1’10NS  C)N  C; I.: C) SC1lH;NC1.: A N I )  }{l:LIC)’I’14:  S1,:NSINC,  ‘1’()  111; SU1\hfl’1’’l’I;I),  Sl;l’’l’l:hllll:lt  199G

luotioll Iml Lurbatiol)s  is equal to

l)crforlllillp, Llm w~ilullt.11 11’ourim transform ])rovidcx

C!x]) {- j271 j-x 2:} dti

15)

j(#)(K)}

(1(i)

)jxK (17)

IIy cxl Jrc!ssitlg ttic stationary ~)lmsc solution, k, in tw IIIS
of tlm ;mturl)atio]l, ii, to tllc solution when m motion is
]U’cscnt, as k : fq, -1 k, tl]c flrstj order solution is easily
foul]cl (SCC AI)lw]ldix 11). It i s  )mtcdl that for tlm actual
systc]ll l)aramctcr  colubi[latiol]s  studiccf  ( s ee  Simulatiol]s
below) t,li{! fi~st order lnotio])  comlmlsation will stal)ilizc
the illmgc gco11mt4ry so well that ignoriug ii is of milm
Colls(!quellc(!. ‘1 lIIC modified stationary point is dcnlotcd k
ill tlm folknvillg.

h4uhi1)lyillg out Lhc Cx}mssions fOr t]lc I)]lMc,  (17), to
first ordm ill tllc IIlotion lmturbations  leads to:

@(K) ~ - 2n (j_fll{o(k) -1 Jxk -1 .fpF) (18)

wit]]  .5 .givrll I)y

c: F(k,3,  y,p. )
l(k -1 2“) I{Q(k) Ay(k  -I x)

~OtaIIOo  - y - - l{~(k)

., $(! i _:) _ [(~ -i:)
y IJLll  U(I

(19)
Y

Note tl)at KO is a stationary poiut  for .fpl/o(K) + jxx. ‘1’IIus
t]m desired l:ourim rclatioll

SS(jfl, Jx)
‘cx~){~2nfflpo}]10

g(2:, y)
CX]) {–j27r (j-@ + Jv Y)} (20)

y!J - ;

is {!stal}lisllcd if ju slid jp arc Cfcfillcd as:

fv ‘ J ‘“”--fj - j; i Ejp (21)

j, %
4“j;+ j;- Ejv (22)

‘J’lm fiual result wl)ich will define tlm pro])osccl  alg~
rithll] is obtaiucd  by observing  tlmt, the Fourier tramforlu
of g(x, y)/y!’- ‘f2 WIICI1  lnotion  colulmlsatiou  is takc!n illt,o
account,  call bc cxl)m+cd  ill tcrlu  of Lllc alp,oritl}m  a])])li(!d
WIKNI  motiml co]almlsatioll  is 7Lot  takwl illt,o account,  M

~8W  SAFI data

i

[ ..J

Range
Con,pras$lcm

—

T

r-- ‘“-1
—

McxomP  1
phaso  slift &
Inlerpolaticil

1

[ ‘-1

Wave donmin
processor

1

[

‘-”” 3
sub patching

2-DFFI

‘I ‘-

.—

[ “-

MccomP  2
p4,aso  shift.3
inlerpolatim

[ -

x
2-D IFFT
subpatch

mosakking
, .

Focussc~ Imagery

Fig. 5 l’loccwi]lg alp,oril}lrn,  block (Iiap,[am

(24)

‘J’lIcsc IIlally calclllations  Lllm:forc leads to the vcly  sim-
l)lc result  that a sccol]d o r d e r  l]mtion corlcctio]l  can be
acllicvc!cl by illlI)l(:]llc]ltillg a frcqu(!llcy doluaill  sniff, and a
corresljc)llclillp,  l)lIasc sllif~ to tlm fl cqumicy dolnaill  rcl)rc-
sc!lltatioll of tlw silul)lc wavculun)lm  dolllai]l algorithm.

VI] . 1 MI’I,l;h41;N’l’Nl’lC)N  OF ‘J’lIE l’I{CJCIMSOIt

‘1’lm lmsic f l o w  o f  d a t a  t, flrougll  tlm l)loccssor  is illus-

t,rrd,cd ill h’ig. 5. F’irst  tfm d a t a  i s  range c.oIaj)resscd  0]1

a lilm by lillc tmis. ‘1’11(: rallgc conl~mssioll  is followed by
tlm llloti{Jllcoll] l)(:llsatioll” ill tlm broadsicfc  (fa~]  beam Idanc)
clircction. ‘J’llis stcI), luocolul) 1 ,  implcmcl]ts  tllc iutcrlm-
]atic)ll aud tfl(! l)llasc s]lift of equation (11). ‘1’lIc following
l)rocessillg sLc1)  i]ll[)]c][lcllts a wave! number c]o~nain  pre
cwssor  as ckiailcd  iu scctioll IV. ‘liIlis proviclcs a partially
focusscd i]nap,c. ‘1 ‘Ilis ~)attially focusscd illlap,c is now sub-
divided il]to ovcrlal)l)illg  ])atcllcs. For this stucly a I)atcll
overlay of 50y0 l]as lmcui aI)ldicd ill both  rallgc and aiiin[uth,
SC!C Fip,. 5.

Aftm  clividirlg tlm ilnagc into subpatcllw each subpatch
is 2-1) Fourier trallsformcd.  ‘l%c next l)roccssing step then
i]u]kmcmts  the scccnld order  motion com~mnsation p;ivcn
by equatiolm  (23 24). Note  that at this Imint, tlm target
coordillatcs,  z and y, alc aI)l)roximatcd  by t,fw ccld,cr of tllc
Imtjc]l. IIbllowillg tile fmqucnlcy dolllaill  illterI)olation  and
I)liasc shift, tllc sul)l)at,cll  is iavcrsc  Fouticr  transforlucd,
a]ld the val id ~)oilits of cacl I sub])atch  a~c mosaickcd to
forln the foc.usscd  iluage.

V I I I .  SIMUI.NIIONS  A N D  R E V A L U A T I ON

‘1’IIc algorit~n cfcscribed in this pa~mr has hen tested with
siululat,ccl data. A software suite was dcvclopccl  includiug
tl)rcc  major lnodules:
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‘1’Alll,It 11

~401’10N PARAh4H’FXS

I’rll’(llrlctcl’s
—

COlu])ollc]lt anll)litudc  ~)cIiod ])llasc!
c] 30 In 50 km 0.78 Id
c? 2.5111 2.5 klu O rad
/1, 0.5 Ill 1 k]n 1.57 lad

1 .  llaw l)ata Sinlultor.  ‘J’llis  module  inlIJlcn)cIds  a sl)a-
tial  donmill raw data simulator. ‘1’llc raclar IIlatforln
trajectory is defined by an arbitrary llu[nbm of sinus-
oidal elements. Across-track and vertical lnotion  is
sImcifif!d  individually. ‘J’llc simulator is of tllC I)oill{,
taIgct! type!. ‘1’11[:  3-1) locations of all targets am
sImcicd. “J’llc!simulat,or  also allows tlmspccification of
st.alldard systcm l)alanmtcrs  including, l)ixcl sl)acillg,
l]all(ll~’i(ltllctc. ‘J’llcsillllllator  ill]l)lclr]cllts all ald,cnxla
lwalllwidtl]  which isaful]ction  of frcqucmcy.

2. ‘I’llc: u!:il~c: clc))llaill l)roc:cssor.  ‘I’liis lllodulc  i]ll~)lclllclit,s
tfle first order  motion con~l)c~wation  and a wavc!nulm
lwr dolnain  processor.

3. h40c01m)  2 I)rocc!ssor. ‘J’llis  tlmlulc inl~)kmc[lts t,llc
sccmld  older Inotiml co)ul)cllsat,io~]  scllcunc.  ‘J’l Ic ]mtcll
sim of tlm second order motion colnl)cmation  correc-
tic)ll can bcvaricd.

A ]Iulllbcr of difl’crcnt gcomctrics  was sinlulatcd  incluc]ing
l)atalnctcls correspondir)g  to fairly short range very high
rcsolutio]l systems as well as parameters rcJ)rcscntativc  of
tllcI)lt)l)[)sc[lG1  l; OSAJtsys  Lclll. ‘J’llcsilIl\llatic) llrt:s~lltsl)rc+
sc][t(!d ]I(!IC!  wc!rc based c)u tllcsystmu ~)arallletcrssllo~~~il  ill
‘J’ablcl cxccl)t for tllcnlotioll l)ara]nctcrs.  ‘J’lic IIlotiol] l)a-
raluctcrs  alc sl)ccificd in ‘1’able 11, wlmc c com])onmlts i]l-
dicatc  across-track ]notion,  arid tlL(!/~co]l~])ollc]lt  isvcrtical
]notio)l.  ‘J’IIc ran.gc and azimuth I)ixcl s]]aci]lgs  used in tlm
sillltllaLiO1lswcrco.6111”  and O.8nl.  A swatllcorrcspo~  ldi!lg
to8]~2 r:!llp,c saIllI)]cs  w&ssillll}latcd.

First it is noted, that tlm level of lnotion  pcrtubations
sinlulatcd  licrc arc so large that without motion  conlI)c  IL-
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l’ig. 7. ln)l)ulsc  resl,ot  Ise furlction,  in azirnuttl,  W}ICII  f irst  orclcr nlw
tiorl co]ljlwllsatiorl  is ar,[)licd.  Solid line is rmll,]itudc  iu dll, the
da.s}lcd  lil]c is 10 tirllcs  tllc ~~ll<%sc ill tadialw

sation  1]0 WCII  defined ]l~ainlobc is obtained  at  all  (most
of tl]c sip,llal c]]c]p,y is sl)rcad out over a 60-70 m irlcp,u-
lar i]uI)ulsc! l(!slmtmc fu[lctio~l  ill tl]c azilllutll  dimmlsion).
l{a]]~,t:  illl])ulsc rcsl)onsc functions  arc not discussed at all
ill t IIc follmvi]lg  as tllc azi]nutll  im])ulsc rcx])onsc function
is a ]IIUC]I ]I]orc  smisitivc i]ldicator  of ~jcrforn~a]]cc.

A tyl)ical axi]l]utll  in~I)ulsc rcs],o]lsc after j)roccssi]lg,  with
tllc first order ]notion coln]mnsatio]l  is shown in Fig. 7.
‘J’ILc solid line i]lclicatcd  the amplitude response in d]], tllc
dasllcd li]lc S1)OWS tllc ~)lmsc rcsl)onsc multiplied by h]. A
quite irrcgu]ar  im])ulsc  rmponsc  function is noted, and tlw
~)hasc va] iatioll  over tllc Iuailllobc  is clearly unaccq)t,ablc
for i]ltcrfcromctric  a])plications,

II) l$ip,. 8 is shown tllc sall]c ]miut target, however, after
LIIC swoIId order IuoLion conllxmsatio~]  has Lmcxl applied.
Note that in this cam the ldIMc ]dottcd  is the actual l)lIasc
multil)licd  l)y 100. ‘J’l]is plci is a best  case situation ill tllc
SCIM! that, t,llc IJoillt  target was locatccl in tllc ccld,cr of tflc
l)at,cll ill tllc azi]uuth  dircctioll.  (It is noted that for rallgc
l)atcll sires 512 range  bills or s!nallcr,  range Iocatioll  was
ilwignificallt  for tlm results. )

Figs. 9 a]ld 10 arc on tIm otlmr hand worst case situa-
tiol)s as t,llc I)atcll LouIldary  ill this case was going right
i,llrougll tllc mainlobc  of tllc impulse response functio]I. In
1+’igs. <) t,]lc t~ir~,ct Iwak is i]nnlidialcly  afler  a patch bOUlICl-

a]y wllicl] lllcall tflat tllc l)at,cl] cclltcr  is  locatccl Ilalf Llw
])atcll widtl] aftc~ this  ilnl)ulsc rcs])omc  furlction.

in h’ip,s.  1() tl]c target ~)cak is immidiatcdy  before a I)atcll
boutldary  wllicll Incan that tl]c I)atcll cmkcr  is located half
tllc ])atcll widt]l before  tliis  i1u])ulsr2  rcs])o~m functio~l. It
was illtcrcstill,g to note t,llat tllc actual plmsc at, the peak
did varj as a fulict,ion of tlm I)atcll location relative tcl tl]c
target locat,io~l. Ideally, the patcli  ccntcr  and the target
location should  bc idmkical.  I+’or these simulations it was
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fou]ld  that (J]c I)lIMC  at tl)c ~mak varied from 0.244 ladi-
alls ill tllc ‘lcntcr” c,aw:, to 0 .238 and 0.251 iu tlm ‘[l)c:-
fol c“ and “aflcI’” Cas(!s. ‘1’llis variation of :1 ().()7 radirrlls
wfis o~)s[:rv~:d  wit,]l all azinlllt]l  patch  size of 128 salUIJlc!s
(of  wl]ic)l tllc cmdral  64 samples are kc])t).  ‘1’cxts  usi]l~,
]mtcll sizes of 256 allcl 512 satllIks  slmwcd  that tlm pliasc
crmr  at tllc lwak scaled with the clistancx froln tlw Imillt
tarp,ct to tllc! ccntcr  of the patch (as expected).

IX. I, IMITA’lIONS

‘1’l]c algorithm dots llavc limitation Wl)icll slloulci  bc
Ilotcd. ‘J’wo of tllcsc  l imitat ions relate to th(! scnmitivity
to tarp,ct, locatio]l witllill  tllc swath as iuclicatd in tllc l)lc~
vious scctioll.

I )UC to tlm fact that the target location is aI)JJroxilllatcxl
by tlm ccld,cr of tllc subpatch  processed, tllc motion  colt]-
Ixvlsatiol)  data al)l)licd for tlm Sccolld order llmt,ioll  co]li-
Ixvlsation call fJc oflsct by a quarter of tJIc l)atcll size iu
tllc aknlg-track  clircction. ‘1’llis basically means  that, IIi.gll
frc!qacncy ]uotioli will not lm corrected as WCII ass low f[c~
qucllcy Compollc!llts. SoInc simldc trigmo]nctric  calcula-

tio])s will show that for an along-track offset, AZ) the at-
tmluation  of a motion J)crtubation  with period  e is

nAx
2sitl  -

e

which also shows that for motioll  pcriocls  shorter tlla[l (i
tillms tllc worst case along-track offset (equal to OIIC  qual-
tcr of tl]c J)atcll six) tllc second order motion  comlw Ii-
satioll  cat) actually result iu a ilnpulsc  rcs[mllsc dcgrada-
t,ioll. ‘J’hcsc lliSllcr frequency colnI)oncnts  slloulcl  thus lx!
rcmovccl  fro]n tl]c lnotio]l data bcfolc! sccorlcl order Inotio]l
coml)cnsatiou  is applied.
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Fig. (). lIIIIIalSC rqmnsc  funct ion,  ill azinlutll, wlwri scconrl order
Ilmtioll  corll[>cmation  is aIll)lid. ‘l’tic target  Smaks immedia te ly
nft[t t},c tratlsitiol,  from OIIC [Iatc}, t o  t}lc l,r!xt. So!ici  Iilw is
arl]})litudc  ill d]],  the dashed Iilw is 100 times the ph<aw in r<wlialls.

‘1’llc scco]ld  ~)crfolrllallcc  issue is tllc l)llasc discontinui-
ty 011 lmtcl} bou]ldarics. ‘J ‘Ilc disconti]luity  oljsc!rvcd  iu
t IIC silllulation  results ~)rcscl~tcd  above c.al] be cxl)kiilmci  by
tllc! 64 sanlldc  shift  o f  tlm ]r]otion pcrt,ubatiolls.  A  tlwc~
Ictical  calculation will shc)w that taking  into accou]lt  that
tllc SCCOIIC1  orclcr lnotio~l colnl)cnsation  is proportional to
C(W ~, 1, wllcrc d, is tl]c ofl’-borcsi.g]k  an.glc, tlmll tllc slolm
of tlic 30 kln Imriod lmrtuLratiou  will iutroducc  a worst-case
l)llasc disco] lt,illuity of 0.08 radians, ill good agrcc!lrlcllt with
tllc sililulatioll  results.

III tllc silllulatiolls  shown  lmrc tllc hcigllt  diflcrcmcc lx-
(WCCII tllc raclar ldatforln  a]ld the t a r g e t  assu]ncd ill tlm
]Ilotioll co]nl)cusation  was identical to tllc llciglit diffclcllcc
al)l)licd ill simulating tllc raw clata. III real life ullkrmwll
target  to~)ograj)lky  will iutroduc.c diffcrcncxw  lmtwcxxl tlm
actual  lIcip,llt ald tlm assulned  lmiglt. Addit ional  silnula-
tio~ls sllcnvcd that cvcxi fairly slnall  errors iu tllc assulncd
IIcigllt would severely dc.grade the impulse  respol]sc fuuc-
tic)n. ‘J’ltc c]cgradations  olmrvcd were  ill goc)d agrcclucnf.
wit]]  sitnl)lc tcorctical  calculation of tllc error  iltrod UCCXI
ill tllc assulncd  line-of-si.gilt direction wlmll tllc assulncci
tar?,ct IIcip,l)t is ill e r ror . ‘J’l]is reduction ill tllc ]Ilotion
(J())lll)clls:itic))l dcp,rcc causc(1 by ul]ccrtai~ltics  ill tile tar-
p,ct clcvatio]l  is ~wt l-elated to tllc algoritllln  aI)I)licd  but
is a fundamental lml)lmnj  wllicll would also cxcist  cwcn
if a tirllc-dolnaitl  processor w<as apl]licd. Ilowcvcr,  tllc fact
tl)at, tllc scconcl order motion coml)cnsatiou  is imI)lcmc~kcd
a s  all additio~lal  procmsiug  s t e p  followiug  tll(! staudard
wavcnullll.)cr clolnain ])roccssiag clocw make it, I)ossiblc!  to it-
erate tllc scconcl ordc~ lnotion  compensation as topogra~)hic
intcrlnation bccomrx available in au itltcrfcronwtric  system.
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Fig .  10 .  Inllmlsc  rq,onsc fuhction, in wzif!lath,  WIIW  SCCOIIC1  mdm
IIlotioll con)lxmsrrtioti  i s  al}plicd. ‘J’he  trqct lwaks  irlltnidiatcly
before tl)c tlausition  f[-oil] olIe ~~atch  to LIIc I]cxl. Solid Iillc is
aln}dituclc ill dl~, tllc dastlcct line is 100 tirlws  tllc IJll(lW irl tadi-
rills.

‘1’llis ]m]m  outlium  a l)rrxcssill~  algori(ll]l]  wllicll w i l l
lmocmss ultra  wide band syntlwtic  alxxt,urc  radar data lx:l-
tlubatcd b y  ulldcsi[cd  raclar Idatforlu  ll~otion. ‘1’lIc  alp,cJ-
ritllm  will accouut  fc)r motion  deviations as a fullctiou  of
the cllallgillg relative lmsit,iml c)f tllc target witllill  tl]c all-
tcll]la  beam over tllc almrture  forlnatio~l.  ‘1’IIc algoritll]u  is
coxlll)llttltfiollally very cfficicmt,  comJ)ard to Lwt]l a tilnc-
clomain l]roccssor and other  puldisl]cd ]noccssillg  sclmlncs
al)plicab]c to I,llis problcnn.

Xl. AIIPF:NIJIX A.

‘J’lm lallp,c Fourier  transforlu  of (13) wlIcn using t,llc
Fourier relation givml  iu (14) is

(26)

Assu]ning  t]lat only tfm first or’dcr tcrll~ ill tllc motiol) IN!I-
turbatiol]s nlattcr,  this cm k al)l)r(]xitll:it(:(l  by (1 5).

Xl]. API>  HNJ)IX  1]

Solvillg (5) to first order iu tllc motiol)  pcrturbatio~ll
gives the following modification to tllc simple solutio]l, (6)

ii= J1-lyl+vzikl  -111
2
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‘J’l]c  individual co~d,ributio~ls  cau Iw related to tllc  physics

of  tllc I)roblclll.  ‘1’llc ~] term is a corrcctio]l  for tlw frc-
qucl]cy shift  caused by tllc first, order lnotioll  collll)cnsa-
timl. ‘1’l]c yl tcrl)l is a corrc:ction  of tllc! azimuth cllirJ> rate
[LS tile skult  rallF,c is lnocliflcc] by tllc Inotioll iu tllc slal A
range  l)lallc. ‘1’llc yz, k], ad 11 terms arc corrections for
tlic illlagc skew that arc iull)lclncntcd  by tllc actual track
]lot bci~lg l)arallcl  to tllc rcfcrc)lcc t rack,  and t,llc ]llotio~l
colllJ)cllsatioll  al)ldicd to correct for it. It is ]Iotcd that if
tllc!
Ay
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assumed luotion is idcutical  to tl]c ~notioll  corrcctcd  for,
k, tllcl) t,f]c y2 and k~ tcrllls  will bc close to idclltical.
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